Open reading frame (ORF) 9 of the EcoRI I fragment of the baculovirus Autographa californica multinucleocapsid nuclear polyhedrosis virus (AcMNPV) genome encodes a protein, PK-1, which has strong similarity to serine-threonine protein kinases. The published sequence of the pk-1 gene contains an error that, when corrected, extends the ORF by 228 nucleotides. Transcription of pk-1 was first detectable by primer extension at 12 h post-infection, accumulating to high levels during the very late phase of infection. PK-1 produced in rabbit reticulocyte lysates was able to phosphorylate histone H1. Together, our results suggest that ORF 9 encodes a protein kinase that is expressed during the beginning of the late and throughout the very late phases of AcMNPV infection.
Introduction
The phosphorylation state of a protein can alter its physiological function. Phosphorylation of proteins has been shown to affect the activity of many of the enzymes of metabolism, to control protein synthesis and cell division, to modify the activity of transcription factors, and to determine how proteins assemble into macromolecules (reviewed in Edelman et al., 1987; Hunter & Karin, 1992; Hunter, 1987) . As viruses co-opt many cellular processes, it is natural to assume that the phosphorylation state of viral and cellular proteins can impinge on the viral life cycle. Thus, protein kinases and protein phosphatases may play a general role during viral infection for many viruses (reviewed in Leader & Katan, 1988) .
Many viruses, for example simian virus 40, rely solely on cellular kinases (Prives, 1990) . However, some viruses encode their own protein kinases. Among others, these include vaccinia virus (Lin et al., 1992) , several members of the Herpesviridae (Zhang et al., 1990; Smith & Smith, 1989; Colle et al., 1992) , hepatitis B virus (Wu et al., 1990) , African swine fever virus (Baylis et al., 1993) and vesicular stomatitis virus (Barik & Banerjee, 1992) . ~ Present address: Department of Entomology, University of California, Davis, California 95616-1537, U.S.A.
The nucleotide sequence data reported here have been submitted to the GenBank and assigned accession number U09234.
Therefore, we chose to investigate whether the baculovirus Autographa californica multinucleocapsid nuclear polyhedrosis virus (AcMNPV) also encodes its own protein kinase.
AcMNPV belongs to subgroup A of the family Baculoviridae, with a dsDNA genome of approximately 130 kbp and the potential to encode more than 100 proteins. Gene expression is regulated in a cascade fashion, with early, late and very late classes. Mature virus is polymorphic; enveloped virions bud from the plasma membrane to achieve intra-host infection. Very late in infection, occluded virus particles are formed, embedded in a crystalline polyhedrin matrix that can remain dormant in the environment to infect a new host insect. The virus has a broad host range, as many lepidopteran species are susceptible in varying degrees to AcMNPV. Infected insect larvae liquefy, releasing polyhedra containing virus (reviewed in Blissard & Rohrmann, 1990) . Many AcMNPV-encoded proteins of various temporal classes have been reported to be phosphorylated, including gp64 (Maruniak & Summers, 1981) , pp31 (39K, Guarino et al., 1992) , pp34 (Whitt& Manning, 1988), capsid protein (vp39) , the essential open reading frame (ORF) 1629 (Vialard & Richardson, (a) mori nuclear polyhedrosis virus (BmNPV) induces the expression of a novel protein kinase (Zemskov et al., 1992) . However, in these reports, the researchers were not able to determine whether the kinases were of viral or cellular origin. In a recent report, the baculovirus Lymantria dispar multinucleocapsid nuclear polyhedrosis virus (LdMNPV) was shown to encode a protein kinase (Bischoff & Slavicek, 1994) . The AcMNPV genome also encodes a tyrosine/serin~threonine protein phosphatase (Kim & Weaver, 1993; Sheng & Charbonneau, 1993) which may work in conjunction with a protein kinase gene. Here, we present evidence that AcMNPV encodes its own protein kinase.
Methods
Virus, cells and viral DNA preparation. AcMNPV strain E2 (Smith & Summers, 1978) was propagated in Sf9 cells, a clonal isolate of Spodopterafrugiperda (fall armyworm) IPLB-Sf21-AE cells (Vaughn et al., 1977) . Cells were grown in monolayer cultures of TNMFH cell culture medium supplemented with 10 % heat-inactivated fetal bovine serum (JRH Biosciences). AcMNPV was propagated and purified as previously described (Summers & Smith, 1987) . In all experiments, time zero was defined as the time the virus inoculnm was removed after a 1 h adsorption period. Preparation of viral DNA has been described previously (Guarino & Summers, 1986) .
DNA cloning and sequencing. The FspI EcoRI fragment of EcoRI I, encompassing pk-1 (Fig. la) was cloned into pBluescript KS(+) (Stratagene). Sequencing reactions were performed as previously described (Braunagel et al., 1992) . Computer analysis of the pk-1 gene and its predicted protein product were conducted using the programs of Genetics Computer Group (version 7, 1991 ; Devereux et al., 1984) . The SWISSProt (release 26) and ProSITE databases (release 10.2) were searched for sequences with similarities to pk-1.
Extraction of RNA from cells', primer extension and Northern blot
analysis. Sf9 cells were infected with the E2 strain of AcMNPV at a m.o.i, of 20 p.f.u./cell and total RNA was extracted using the guanidinium isothiocyanate method of Chirgwin et al. (1979) . Synthetic oligonucleotides complementary to nucleotides + 56 to + 73 (kinase R1) and + 88 to +99 (kinase R2) relative to the ATG codon were used for primer extension analysis (Sambrook et al., 1989) . The primers were radiolabelled at their 5' ends, annealed to 40 lag of total RNA isolated from AcMNPV-infected Sf9 cells at 0, 2, 4, 6, 12, 18, 24, 36 or 48 h post-infection (p.i.) and extended using avian myeloblastosis virus reverse transcriptase (Promega). The extension products were analysed on polyacrylamide-urea gels and visualized by autoradiography. Corresponding sequencing ladders were generated using the same oligonucleotides and appropriate single-stranded DNA and run alongside the extension products.
The samples of total RNA isolated from AcMNPV-infected Sf9 cells at the nine time points were also used for Northern blot analysis. A 1.2% formaldehyde-agarose gel (Sambrook et al., 1989) was run, containing 40 ~tg of total RNA per lane. A 0.25 to 9-5 kb RNA ladder (Gibco BRL) was run alongside. A strand-specific probe was prepared, using the FspI-EcoRI fragment of EcoRI I, cloned into pBluescript KS(+) as described above. The DNA was linearized at the MscI site ( Fig. 1 a) ; transcription of RNA proceeded in the presence of T7 RNA polymerase (Promega) and 50 I~Ci of [a-s2P]rCTP (Amersham). The Northern blot of the gel was probed overnight at 50 °C. Washes were carried out under high stringency conditions (Sambrook et al., 1989) to minimize cross hybridization with cellular kinases. Results were visualized by autoradiography.
In vitro transcription and translation of PK-1. The FspI-EcoRI subclone of EcoRI I was inserted into pBluescript KS(+) so that the pk-10RF was under the control of the T3 RNA polymerase promoter. RNA was transcribed using T3 RNA polymerase (Promega) and PK-1 protein was translated using the rabbit reticulocyte lysate (RRL) system (Promega). ATP was depleted after translation by adding approximately 50 units of hexokinase attached to agarose beads (Sigma) and deoxyglucose (Sigma). The depletion reaction was performed for 2 h at 30 °C with gentle shaking. The agarose beadbound hexokinase was then removed by centrifugation.
Protein kinase assays. RRL-produced PK-1 was added to protein kinase reaction mixtures, with final concentrations of 20 mM-Tri~HCI pH 8.0, 10 mM-MgCI2, 2 mM-DTT, 150 mM-NaC12, plus 50 laCi of [7-32P]ATP (New England Nuclear). These conditions were modified from those described by Wu et al. (1990) . For each experiment, the protein kinase assay was carrid out in duplicate, with one reaction as a negative control containing no mRNA. These were incubated with a variety of substrate proteins at 32 °C for 30 rain. The reactions were boiled for 3 rain in Laemmli buffer and analysed on 13 % SDS-PAGE gels using a discontinuous buffer system (Laemmli, 1970) . Results were visualized by autoradiography.
Results

Nucleotide sequence of ORF 9
The complete DNA sequence of the approximately 8 kbp EcoRI I fragment of the C6 isolate of AcMNPV (Fig.  1 b) , and the potential amino acid translation of the nine ORFs has been published (Possee et al., 1991) . ORF 9 appeared to encode a protein with similarity to protein kinases, but this protein did not contain serine-threonine protein kinase consensus motifs X and XI (Hanks et al., 1988) . We then sequenced the DNA of the E2 isolate of AcMNPV, encompassing the published 3' end of ORF 9 and found that four bases were missing from the published sequence. We noted strong band compressions in this region of the sequencing gels; this may account for the discrepancy between the sequences. It is also possible that the sequences of the C6 and E2 isolates of AcMNPV differ in this region. When these bases are included (Fig.  1 a) , the corrected ORF encodes a longer polypeptide of 272 amino acids.
The predicted amino acid sequence of PK-1 was used to search the SWISSProt database. PK-1 has a strong similarity to the catalytic domains of serine-threonine protein kinases. PK-1 is one of the smallest kinases in the protein databank and appears to lack the N-terminal regulatory domain that is found in most protein kinases. vPK LGYCYDY~AHSYEVI QKNTYWKSI VHWKQR 274 XI Fig. 2 . Comparison of the amino acid sequences of two baculovirus serine-threonine protein kinase genes. PK-1 of AcMNPV is aligned with vPK of LdMNPV (Bischoff & Slavicek, 1994) . Serine-threonine catalytic domain consensus moti~ are indicated (I to XI) (Hanks et al., 1988) . Invariant amino a~ds in the consensus moti~ are underlined. A protein kinase signature motif detected with the ProSITE database is indicated by a dotted underline. ( Bischoff & Slavicek, 1993) . Like PK-1, the L d M N P V v P K protein also apparently lacks a regulatory domain. A comparison of the amino acid sequences of the two proteins is presented in Fig. 2 . The two proteins share 40-6 % identity and 61-2 % similarity and both proteins contain all the expected serine-threonine protein kinase catalytic domain consensus motifs (Hanks et al., 1988; Bischoff & Slavicek, 1994) . The protein kinase encoded by B m N P V shares a 9 2 % identity with PK-1 over an approximately 200 amino acid overlap; the C termini of the two proteins do not match (S. Maeda, personal communication). When PK-1 and vPK are examined closely, it can be seen that the two proteins have similar substitutions at the first glycine residue of the A T P binding domain. The consensus sequence is G X G X X G .
However, the A c M N P V PK-1 sequence in this region is I N G R F G , at residues 28 to 33; the first glycine is replaced with isoleucine. In the L d M N P V protein, this glycine is replaced by a valine. Region II o f PK-1 contains the invariant lysine at residue 50. This lysine is part of the A T P binding domain and is essential for kinase activity. PK-1 also has the invariant aspartic acid residues in regions VI and VII. The aspartic acid in region VI is part of the serine-threonine signature sequence. The serinethreonine protein kinases can be distinguished from the tyrosine kinases by the lysine residue within the signature sequence D L K P E N in region VI. PK-1 contains the sequence D I K L E N at residues 138 to 140. The region VII aspartic acid is part of the highly conserved sequence triplet D F G , The PK-1 sequence of D Y G at residues 156 to 159 is well conserved in this region. The other sequence that distinguishes serine threonine kinases is the region VII consensus sequence G ( T / S ) X X ( Y / F)XAPE. The PK-1 sequence shows a good match with G T L E Y F S P E at residues 172 to 180. The two proteins are also highly conserved in the consensus regions III, IV, V, VIII, X and XI. In fact, the clusters o f h o m o l o g y between the two proteins exactly coincide with these consensus motifs.
Cell-free translation of PK-1
T o determine whether the corrected D N A sequence represents the actual sequence of pk-1, the FspI EcoRI fragment of EcoRI ! was cloned into pBluescript K S ( + ) under the control of the T3 RNA polymerase promoter. DNA was then linearized either with HpaI or EcoRI prior to transcription (Fig. 1 a) and mRNA and proteins were made from the two linearized DNAs. HpaI is coincident with the published stop codon. If the published sequence was correct, proteins made from DNA linearized either at HpaI or EcoRI should be the same size. SDS-PAGE analysis indicated that the protein translated from the longer mRNA was apparently 8K larger (Fig. 3) . Thus, we conclude that the DNA sequence presented here is correct.
Transcriptional analysis of PK-1
To elucidate the role PK-1 plays in the viral life cycle, one must first know when the mRNA is transcribed. To this end, we performed primer extension analysis, using total RNA isolated at different times p.i. The results, shown in Fig. 4 , leads to two conclusions. The first is that the mRNA initiates within the baculovirus late consensus motif ATAAG, on the second A. Most, but not all, baculovirus late genes utilize this (A/G)TAAG motif. Second, primer extension and Northern blot analysis (Fig. 5) reveal the times at which mRNA is transcribed. The mRNA is first detectable at 12 h p.i. ; mRNA levels increase steadily until the very late phase of infection. The drop in mRNA levels at 18 and 24 h p.i. seen via primer extension may be due to mRNA from ORF 1629 binding to that from pk-1. ORF 1629 has an unusually long 5' untranslated region, which overlaps and is antisense to much ofthepk-1 mRNA. ORF 1629 mRNA is detectable from 12 to 48 h p.i. (Possee et al., 1991) . Two mRNA bands can be seen on the Northern blot. Inspection of the region downstream of the pk-1 stop codon reveals three poly(A) signals (Possee et al., 1991) . 
Protein kinase activity
The activity of PK-1 was analysed by expressing the protein in a RRL system. Translations were performed with or without pk-1 mRNA. After translation, the RRLs were depleted of free ATP by incubation with deoxyglucose and hexokinase attached to agarose beads. The ATP-depleted RRLs were then used for in vitro phosphorylation reactions with histone H1 (type III; Sigma). RRL-produced PK-1 was able to phosphorylate histone H1 in this in vitro assay, as shown by the SDS PAGE gel of phosphorylated proteins (Fig. 6) . Several endogenous proteins were also phosphorylated in the RRLs incubated with and withoutpk-1 RNA. This is not an unexpected result as RRLs contain many different protein kinases. Of significance is the fact that the histone H1 phosphorylation was seen only in the lanes containing the translated product of the pk-1 gene. This experiment was performed twice with reproducible results.
Discussion
The corrected DNA sequence for ORF 9 of the EcoRI I fragment of the AcMNPV genome encodes a protein of 272 amino acids. It has strong similarity to the serine threonine protein kinase catalytic subunits found in the protein database. PK-1 is 40% identical to the vPK protein of the baculovirus LdMNPV (Bischoff & Slavicek, 1994) . Both of the baculovirus kinases are smaller than most protein kinases and apparently lack a regulatory domain (Hanks et al., 1988) .
Transcriptional analysis of ORF 9 by primer extension and Northern blot show pk-1 to be a late or very late gene. In this regard, it differs from the protein kinase vPK, encoded by LdMNPV, which is expressed as a delayed early and late gene (Bischoff & Slavicek, 1994) .
We chose to produce PK-1 in RRLs for several reasons. The pk-1 gene encodes only a serine-threonine protein kinase catalytic subunit. In their inactive form, serine-threonine protein kinases frequently consist of a catalytic subunit associated with a regulatory subunit. In the case of the cAMP-dependent kinases, it is the disassociation of the regulatory and catalytic subunits that activates the kinase (Taylor, 1989) . In other cases, the inhibitory function of the regulatory subunit is achieved by an autoinhibitory domain of the catalytic subunit (Soderling, 1990) . The small size of PK-1 suggests that it may not contain a regulatory domain. In that case, the regulatory subunit for PK-1 may be encoded by another viral ORF. Therefore, production of PK-1 in a baculovirus expression system (under the control of the polyhedrin promoter) could result in PK-1 becoming associated with its regulatory subunit, making the analysis of protein kinase activity difficult. RRL cell-free translation systems produce relatively little protein compared to an expression system. However, PK-1 is an enzyme, so large amounts of protein should not be required to investigate function. The enzymatic function of the LdMNPV kinase was also investigated after expression of the protein in RRLs.
We have tested the activity of the kinase on several exogenous substrates. A crude preparation of casein (Sigma) treated with CIAP (USB) was not a substrate for this enzyme (data not shown). Thus, we do not believe that PK-1 is a casein kinase. CIAP-treated histone H1, however, was a good substrate for PK-1. Histone H1 has been used as an exogenous substrate in studies of the vaccinia virus protein kinase B1R (Lin et al., 1992) , as well as on the African swine fever virus protein kinase j9L (Baylis et al., 1993) . In addition, a mixture of histones H1, H2A, H2B, H3 and H4 was used as a substrate for vPK of LdMNPV (Bischoff & Slavicek, 1994) . Of these, H2A was the preferred substrate. Since vPK and PK-1 are different proteins from different viruses, it is not surprising that they differ in their effectiveness on these exogenous substrates.
Histone H1 is known to be phosphorylated by the cell cycle kinases cdc2+/CDC28 (Langan et al., 1989) . Phosphorylation of histone H1 by the cell cycle kinases occurs in two stages, the first in S phase when the cell commits to a new round of division, and again at the start of mitosis in order to condense the DNA into the 30 nm fibre form. At this latter point, the cdc2 kinase also phosphorylates lamins, causing lamina disasembly during the M phase. The cdc2 kinase recognizes the motif (T/S)PX(K/R) (Peter et al., 1990) . If PK-1 has a function similar to the cell cycle kinases, one of its functions may involve phosphorylation and disassembly of the lamina late in infection in order to allow release of mature occluded virus particles from the cell.
Addition of cAMP, cGMP, or Ca2+/calmodulin had no effect on phosphorylation of the substrates we tested by PK-1 (data not shown). The cell cycle kinases cdc2+/CDC28 are also Ca z+-and cyclic nucleotideindependent (Bradbury et al., 1974) . Addition of MnC12 to the assay inhibited kinase activity. In this regard, PK-1 differs from the protein kinase associated with the granulosis virus infecting Plodia interpunctella, which requires MnC12 (Wilson & Consigli, 1985 a) . The function of that kinase appears to be phosphorylation of the basic core protein VP12, resuting in release of DNA from the nucleocapsids, a key event early in infection (Wilson & Consigli, 1985b) .
We can conclude from the work presented here that the baculovirus AcMNPV does encode a serine threonine protein kinase. We have shown that the kinase is a late to very late gene. We determined some of the factors that affect the activity of PK-1. To understand the function of PK-1 in the life cycle of the virus, it will be necessary to make viral deletion mutants and study which functions can be directly attributed to this protein kinase gene.
